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HYDRODYNAMICLUBRICATIONOF CYCLICALLYLOADEDBEARINGS

By R.W. DaytonandE. M. Simons

SUMMARY

An experimentalinvestigationofthehydrodynamiclubricationof
cyclicallyloadedbearingswasconductedinorderto checkthevalidity
oftheanalyticalstudiesof simplecasesof cyclicloadingandto deter-
minetheeffectoftheloadingconditionsonhydrodynamiclubrication
whentheloaddiagramissocomplexthatanalyticaltreatmentofthe
problemisdifficultor hnpossible.

A precisetestbearingwassetup towhichconstantorvarying
unidirectionalloa& or constantrotatingloadscouldbe applied,singly
ortogether,andtheeffectoftheloaddiagramonhydrodynamiclubrica-
tionwasmeasuredfromtheattitudeofthejournalinthebesring.

Studiesof filmrupturedueto tensionintheoilfilmwerecon-
ductedby runningthebesringatno loadandthenphotographingthe
spindlemotionsasanupwardloadwasgraduallyapplied.Inaccordance
withexpectationsitwasfoundthatthehigherthelubricantfeedpres-
sure,thehighertheloadthatcouldbe carriedbeforefilmrupture
occurred.Theeccentricityratioattainedundera givenloadappeared
todepend,withinlimits,uponwhetherruptureoccurredsnduponthe
extentoftheruptureoverthebearingsurface.

Whenthetestbearingwassubjectedto a rotatingor sinusoidally
alternatingload,theshaftcentermovedinanorbitwitheccentricity
ratioswhichdependedontheratioof loadspeedT$ to spindle

speedNj. Themeanfrequencyof rotationoftheshaftcenterin its

orbitwasalwaysequaltothefrequencyofloading.When Np/Nj

was1/2,theeccentricityratiowasa maximum,butitdidnotreach
unityaspredictedby theory.Thismaximumeccentricityratiocouldbe
loweredby increasingthespeed,butitwasnotaffect~appreciablyby
changesinlubricadtviscosityor externalload.
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INTRODUCTION
“

Althougha numberoftheoreticalstudies(references1 to 7) ofthe
hydrodynamiclubricationof sleevebearingssubjectedtorotatingor
varyingloadshavebeenpublished,verylittleexperimentalworkhas
beenreportedtoproveordisprovetheconclusionsofthesestudies.
Alltheoreticaltreabnentsagreethatdynamicloadingofsl&evebearings
producesbehaviorwhichcsnnotbe predicteddirectlyfromthecopious
workwhichhasbeendoneusingconstant,unidirectionalloads.Further-
more,thesnalysesindicatethattherearecertatispeedandloadcondi-
tionsunderwhichitisimpossibleforhydrodynamiclubricationto func-
tionproperly.

Sleevebeartigsinaircraftenginesandaccessoriesseldomoperate
withconstantunidirectionalloads.Certainlytheloaddiagrsmsofmost
besringsinreciprocatinginternal-combustionenginesareperiodicand
quitecomplex.Eveninrotaryaircrsftengines,thereduction-gear
besringsandothersleevebearingsmayhaveappreciablenonsteadyloads
imposedbyvibrations,by variationsinpowerrequirements,andby
dynsmicforcesassociatedwithmaneuveringtheaircraft.

Furthermathematicalinvestigationsarehsmperedby thetremendous
co~lexityoftheproblemwhenloaddiagramswithmorethanonecomponent .
sreconsidered.

Therefore,aneqerimentalinvestigationwasconductedto checkthe
validityoftheanalyticalstudiesof simplecasesof cyclicloadingand
todeterminetheeffectoftheloadingconditionsonhydrodynamiclubrica-
tionwhentheloaddiagrsmis socomplexthatananalyticaltreatmentof
theproblemisdifficultor impossible.

Theplanofthisinvestigationwasto setup a precisetestbearing
towhichconstantorvaryingunidirectionalloads,or constantrotating
loads,couldbeap@ied,singlyortogether,andtomeasuretheeffectof
theloaddiagrsmonhydrodynamiclubrication,fromtheattitudeofthe
journalinthebearing.

Initislly,simpleloadingconditionswerestudiedandthensucces-
sivelymorecomplicatedones,asthesimplerconditionswereunderstood.
Theloadingconditionswhichareof interestare:

(1)Unloaded

(2)Constsntunidirectionalloads

(3) Suddenlyapplied,constsntloads

—. ——– — - —. ——— .—
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(4)Unidirectionalloads,vaqdnginmagnitude

(5) constantrotatingloads

(6)Combinationsoftheabove

ThisworkwasconductedattheBattelleMemorialInstituteunder
thesponsorshipandwiththefinancialassistanceoftheNationalAdvisory
CommitteeforAeronautics.

I?olmmmuRE

Thesymb& usedinthediscussionsthroughoutthetextaredefined
asfollow6;

r

w

c

P

Ap

IJ

‘T

Nj

N
P

Ne

radiusof journalorbearing

sxialwidthofbearing

radialclearsnce,ordifferencein

distancebetweencenterof journal
calledeccentricity

eccentricityratio (e/c)

lubricantdensity

pressuredropfromcircumferential
bearing

absoluteviscosityof lubricaut

radii’ofbearingandjournal

andcenterofbearing,

feedgrooveto endof

anglebetweendirectionofloadandminimumfilm-thickness
oflineof centers,measuredin directionof rotation

averagerotationalfrequencyof journalinrevolutionsper
time

averagefrequencyofrotationoroscillationof load,in
revolutionsor cyclesperunittime

meanfrequencyofrotationof journalcenterinitsorbit,
revolutionsperunittime

J

end

unit
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M massofrotor

F externslload

P loadperunit

whirlingwitheccentricitye

appliedtbbearing

prosectedareaofbearing(F/2rw)

NACATN 2544

s %rumerfeldv&iableor Sommerfeldnumber
(() )
~ 2 ~Nj
c T

Ikfinitions:

Lineof centers:Linedeterminedby centerof journslandcenterof
bearing

Clearancecircle:Locusof
whoseradiusis “c

Indicatedclearancecircle:
oscilloscopescreen

journalcenterfor q = 1;thisisa circle

Clearancecircleasit appearsonmicrometer

“Exl?lmmmTALWORK

Apparatus

A photographofthetestingmachinedesignedandconstructedfor
thisstudyispresentedasfigure1. A completedescriptionofthe
machineandtheassociatedmeasuringapparatusisgiveninappendixA.

Briefly,withthismachineitispossibleto applyto a testbearing
snysteadyloadfromO to 500~unds,anysuddenlyappliedorunidirec—
tionallyvsryingloadofthessmemagnitude,or a constantrotatingload
ofthessmemagnitude.Thefrequencyof journalrotationandthefre-
quencyoftheloadingcyclecanbe vsriedovera considerablerange.An
electricmicrometer(reference8) isusedto revealtheconditionof
hydrodynamiclubricationby indicating,at
thecenterofthejournalinthebearing.
onanoscilloscopescreenofthemagnified
sndfollowseitherverysloworveryrapid

Duringthefirstphaseofthisstudy,

anyinstant,thepositionof
Theinstrumentdrawsa trace
movementoftheshaftcenter
motions.,

severalfaultswerediscovered

.

.

.

inthetestingmachinewhichrenderedac&rateinterpretationofresults
impossible.Changeswerethereforemadeto eliminatethesedefectssnd
thesechangessrediscussedinappendixB.

—. .—..— .
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Threelubricantswereusedintheexperimentalwork: SAE10nmtor
oil,kerosene,andstrawparaffinoil,alldesulfurized.Theirspecific
gravitiesandviscositiesarelistedinthefollowingtableand
temperature-viscositycurvesareshowninfigqre2.

PROPERT~SOFLUBRICANTS

?

Lubricant

SAE10 oil

Kerosene

Strawparafinoil

Temperature
(°F)

100
130
176
210

66
100
130

‘m
100
130

Specificgravity

0.861
.851
.831
.824

.8062

.7986

.7789

.8753

.8706

.8630

Kinematic
viscosity
(centistokes)

38.0
21.4
10.1
5.8

2.16
1.59
1.30

21.26
14.33
8.40

JournalWhirl

Reductionof freewhirlby pivoted-padmainbearing.-Earlyin
thisstudyitwasfoundthat,withSAE10 oil,thecombinationof oil.
pressuresinthetwocircumferentialgroovesofthetestbearingdeter-
minedwhetherthespindle.centerassumedsomeequilibriumpositioner
movedindefinitelyin a circularorbitunderno load.Whenthepres-
sureintherightgroovewashigh,theshaltcentermovedinanorbit,
whereas,whenthelefi-groovepressure#asliigh,theshaftcenterwas
stationary.

.
Recently,thesleeve-typemainbearingwasreplacedby a pivoted-

padbearing,a type”whichdoesnotwhirl.Thebehaviorofthetest
bearinginwhirlisnowcompletelydifferent.Thereappeartobe no
circumstanceswhichproducesustainedwhirlingoftheshaft.Apparently,
eithertheoriginalsleeve-typebearinghadproducedan excitationfor
whirl,or,moreprobably,thepresenttypeofbearinghasa slight -
dampingactiononthewhirlingmotion.

.

-.. . . . . . . .. . ___ .+ . .. - ..._...——.—. .— . . . .. ..—. —-. .— -- -..——— . . .—.
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Sincewhirlingwouldnotcontinueindefinitelywiththepresent
arrangementoftheapparatus,theonlyfree-whirlstudieswhichcouldbe
madewerethoseoftransientwhirlingduringstarting.me obsenations
srereportedinmoredetailinthesectionon atsrtingtransients,buta
fewgeneralconmentswillbemadehere.

Frequencyofno-loadwhirling.- Swift(reference3) hasdemonstrated
mathematicallythatina besringunderno load,whirlingoccursina
circularorbitatanyeccentricitywhatsoever.,withsnangularVelocity
exactlyhalfofthejournalspeed.Usingthemethodofmeasuringwhirl
frequencydescribedinappendixC, itwasfoundthatthenaturalwhirl
dur&gno-loadstartingoccurredat slightlylessthsnone-halfthe
shaftspeed,as seeninthefollowingtable.

FREQUENCYOFNO-LOADSHAFI’~, WITHSAE10OIL

Spindles~eed,
Nj Ne/Nj

“ ( rpm) (Floodlubrication)

154 0.4980

380 .4968

‘e~s
(5Olb/sqin.gagefeedpressure)

0.4971

------

Hagg(reference9) statesthatone-halftherotationalfrequencyis
theupp~=limitofwhirlingfrequencyforanunloadedidealbesring,but
that“inreality,thisupperlimitisreducedbecauseoffluidfriction
andbearingleakage.”Ifthisistrue,itwouldexplainwhythevalues
of Ne~j inthetablewerelessthan0.500. However,theauthorsfail

to seehowfluidfrictionandsideleshgealterthesimpletheory”which
demonstratesthatanunloadedjournalshouldwhirlatone-halftheshaft
speed.

It isagreedthatanywhirlingwQichoccursina steadilyloaded
besringwilltakeplaceatlessthanone-halftheshaftspeed,theactual
freque;cyratio
thetheoretical
wasfoundtobe

decreasingwithincreastigload(reference3). However,
steadyloadrequiredto producea speedratio-of0.4980
appreciable,andno sourceof sucha loadcouldbe found.

.

.

.—. — .—.—— — . . .
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/ Factorsinfluencingshaftwhirl.-Swift’sworkwouldindicatethat,
. ingeneral,thejournalcenterwouldnotbe stationaryunderno load,or. evenundera constantload.On thecontrary,theexperimentshaveshown

thattheultimateequilibriumpositionofthejournalcenterwasalwa~
a stationaryspot,intheabsenceof externalperiodic,excitation.
Failureofthetheoryto considerthedampingforceswhichpreventthe
journalcenterfrommovingcontinuallyinanorbitconstitutesthemost
likelyexplanationfortheobserveddeparturesfromtheoreticalpredic-
tions.Experimentally,itwaEfoundthatthemostrapiddampingof
journal,whirlwasobtainedwithhighsteadyloads,highshaftspeeds,
highlubricantfeedpressures,or low-viscositylubricants.

A simplifiedtheoreticalstudywasmadeoftheforcesexertedon
theshaftby thecentrifugalactionaccompanyingwhirlingandbythe
circumferentialpressuregradientinthelubricantcausedby Bernoulli
forces.Inthepresentcase,withcircumferentialoilgrooves,Bernoulli
forcesarisebecauseofthesxialoilflowcausedby a uniformpressure
intheoilgrooves.Wheretheseparationoftheshaftandbearingis
greatest,thelubricantvelocitywillbe greatestsndthestaticpres-
surewillbe least.Hence,theresultantoil-pressureforcetendsto
pushtheshafttowardthecenteroftheclearancespace.Thereisalso
a centrifugalforceonan eccentricallyrotatingshaft,whichactsin
theoppositedirection,soasto increasetheeccentricity.

Ifnodampingwerepresent,thediameteroftheno-loadcircular
orbit’wouldbe determinedby theeccentricityratioatw~ch thecentral-“
izingpressureforcewasnumericallyequalto thedecentralizingcentrif-
ugalforce.A quantitativediscussionoftheseforcesinthetest
bearingispresentedinappendtiD. Withthepresentarrangementofthe
apparatus,itappearsthatthereissufficientdampingtopreventcon-
tinuouswhirlingunderanyconditionswhichhavebeenexamined.This
issobecausethelowrotativespeedsusedinthetestsproducedcentrif-
ugalforceswhichweresmallandeasilyovercomeby theinherentdamping.

Importanceofwhirl.- Incertainmachines,suchashigh-speed
turbinecompressors,wherethecentrifugalforcesarelarge,sustained
whirlingof sleeve-typebearingswouldbe e~ected,ataneccentricity
ratiocloseto1. Thesimplifiedanalysisof anaircraft-turbine-
compressorsleevebearing,presentedin appendixD, demonstratesthe
seriousnessofthiseffect.

Whirlingof sleeve-typebearingscouldbe troublesomeinmanyother
applications.Forexample,inmachine-toolspindles,shaftwhirlcauses
inaccuraciesinmachiningandundesirablesurfaceroughness.

,, insleeve-typepropeller-shaftbearings,suchasaircraftand
shsftbewingsjcouldcontributeto fatigue-inducedfailures.

.

Whirling
marine

.._. _—— .-——.— . . . .. —.——— — - ..— — —- ——
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.

Ofthewhirl-dampinginfluencesmentionedpreviously,namely,high
steadyloads,highshaftspeeds,highlubricsntfeedpressures,andlow-
viscositylubricants,experimentsindicatethatthereductionof lubri-

.

cantviscosityhasa greatereffectthsntheothers.Thisobservation
suggeststhattroublesomewhirlingin certainmachinesmightbe minimized
by a changeto a lower-viscositylubricant.

StudiesofUnidirectionalSteadyLoads

Oil-filmtension.- Ina floodedfulljournalbesring,thetheoretical
pressuredistributionoverthesemicylinderononesideofthelineof
centersistheexactnegativereflectionofthatonthesemicylinderon
theothersideofthel-ineof centers.~is conditionimpliesthatthe
integratedpressure-areaproductinthefilmcanhaveno componentalong
thelineof centers,sothatthedisplacementofthejournalinthe
besringmustbe normalto thedirectionofloadapplication.Italso
indicatesthatwhena floodedfulljournslbearingisoperatingwithan
unbrokenoilfilm,hslftheexternalloadissupportedby hydrodynamic
pressuresaboveatmosphericontheloadedside,andtheotherhalf,by
equalpressuresbelowatmosphericontheunloadedside.Forexample,
iftheexternalloadis10poundspersquareinch,theaveragenegative
pressureontheunloadedsidewillbe 5 poundspersquareinch,endthe
peaknegativepressuremaybe threetimestheaverage,or 15poundsper .
squareinch.

If,thispeaknegativepressureexceeded1 atmosphere,theoilfib
wouldruptureintheregionoftheoreti&lpressuresbelowabsolutezero,
unlessthefilmwerecapableof carryinga tensileload. b thelatter.
case,therupturewouldoccurwhenthenegativepressuresexceededthe
tensilestrengthoftheoilfilm.Anysuchbreak-inthefilmwill
requirethatthejournalmoveinthedirectionof loadingsndresultin
highereccentricitiesthanthosepredictedby hy&odynamictheory.This
impliesthata floodedjournslbearingwouldoperatewitha continuous
filmonlywhentheexternalloadswerelessthanabout10poundsper
squareinch,assumingthatthepeakpressuredevelopedintheoilfilm
isaboutthreetimestheaverage.However,theapplicationoffeed
pressuresinthecircumfereritialoilgroovesofthetestbearingmakes
itpossibleto supporthigherloadswithoutfilmrupture,becausethe
feedpressurehelpstopreventa tensilestressintheoilfilm.

.

Studiesofthebehaviorof a unidirectionallyloadedbearingwere
conductedby runningthebearingatno loadsndphotographingthespindle
motionsasanupwsrdload-wasappliedgraduallyenoughtomaintainequi-
libriumatalltimes.Somepicturestakeninthiswayarepresentedin
figure3. In figure3(a),theshaftmovedhorizontally(normaltothe

“.

directionofloading),inaccordancewiththetheory,untiltheexternal
.
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loadreachedabout20poundspersquareinch.At thispoint,thenega-
tivepressuresbecsmetoogreat,theoilfilmruptured,andtheshaft
movedupward,inthedirectionof theload.As thefeedpressureswere
increased(figs.3(b)and3(c)),theruptureoccurredathigherand
higherloads,until,ata feedpressureofabout15poundspersquare
inchgage,thefilmremainedapparentlyintactunderthetotalloadof
50 poundsper-squareinch(cf.fig.3(d)),andnoupwardmotionofthe
shafttookplace. Theruptureoccurssuddenlyin somecases,asevi-
dencedby a sharpbreakfromhorizontaltoupwardmotion,suchas in
figures3(a)and3(c).

Roughcalculationsofthemagnitudeofthenegativefilmpressures
appesrto indicatethattheoilfilmiswithstandinga smalltension,
froma fewto w poundspersquareinch. It iS kIIOWIlthat ~quids CUl

withstanda tensileforceundersomecircumstances,andconditionsin
a bearingappeartobe favorable.

Effectoffilmruptureoneccentricity.-C@litativestudiesof
filmruptureweremadewitha Lucitebearingon a steelshaft,observing
thefi~ conditionswithultravioletlight-Thelubricantwasintroduced
ata pointsourceintheunloadedregionofthebearing.Itwasfound
thatfilmrupturestartedinlocalizedareasonbothsidesoftheoil
hole,theevacuatedareasextending,attimes,forsomedistanceCirCUIW
ferentiallybutseldomreachingaxiallytotheoutsideedgesofthe
bearing.Theseobservationsledto thebeliefthatfilmrupture,orig-
inatingina highlylocalizedregionofpeaknegativepressureand
extendingoveronlya smallfractionoftheaxialbearinglength,results
ina redistributionofpressuresontheunloadedsideofthejournal.
Onlywhentheloadbecomeshighenoughto rupturethefilmovera sizable
fractionofthebearingareadoestheshsftmoveinthedirectionofthe
load,thesmountofmotionand,hence,theeccentricitydependingupon
theextentoftherupture.Thishypothesiscouldpartiallyexplainthe
apparenthightensilestrengthsofoilfilmsmentioned

Thisconceptofthedependenceofeccentricityratioupontheextent
offilmruptureisverifiedby theexperimentalresultsshowninfig-
ure4,whichisa plotof eccentricityasa functionof Smmuerfeldnumber.
Thelowestcircledpointsagree,withinexperimentalaccuracy,withthe
theoreticalcurvefromMuskatandhrgsn (reference10),basedon a con-
tinuousoilfilm.A secondcurve,drawnthroughthepointsshowingthe
greatestdeparturefromthetheoreticalcurve,representsthecases
wheretheoilfeedpressurewaslow(floodlubrication)andfilmrupture
hadoccurredtothegreatestextent.Betweenthesetwocurvesare
eccentricitieswhichresult
pointslyingclosestto the
areasofrupture,andthose
ruptureovermoreextensive

.

fromvsriousdegreesof filmrupture,the
lowercurverepresentinghighlylocalized
lyingneartheuppercurverepresenting
areas.Thisrangeof eccentricityratios

.—. .. . .._. .. . .... . .. . .. —.. ..— — — — -.—— -- -—— .- .-z -. —_ ——-. . . .
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wasproduced,ata givenSommerfeldnumber,by veryingthe
pressureinthecircumferentialgrooves,as illustratedin

NACATTJ2544
.

oilfeed
figure3. .

Practicallyalltheoreticaltreatmentsof Journslbearingsassume
continuityoftheoilfitiaroundthe-beartigarc. Figure4 demonstrates
thatthesetheoriescannotbe usedtopredictexperimentalresultsunless
theexperimentsareconductedwithhighenoughlubricantfeedpressures
orlowenoughexternslloadstoprecluderuptureatanypoint‘intheoil
film.

Sudden-LoadTests

Meanshavebeenprovidedinthetestingmachineforapplyinga
sudden,presetsteadyloadtothebearing,whileitisrunningunder’no
load. Itwasnotedthat,afterthetransientmotions,’whichoccurred
immediatelyaftertheloadwassuddenlyapplied,werecompleted,the
journalcenterassumedthepositionitwouldnormallyhaveoccupied
underthesamesteadyload. Inotherwords,theultimateequilibrium
positionoftheshaftcenterwas”notaffectedby thefactthattheload
applicationhadbeensudden.However,thepathwhichtheshsftcenter
followedingoingfromtheunloadedtotheloadedequilibriumposition
wasdefinitelyinfluencedby thesuddennessoftheload. .

Whentheloadwasappliedgraduslly,asinfigure3,theshaftmoved
atrightanglestotheloadline,inaccordancewiththetheorygoverning
steadyloads.However,whentheloadwassuddenlyapplied,itmaybe
seenfromfigure5 thattheshaftmotionstartedoutinthedirectionof
theload.If,asdiscussedinthesectionon filmrupture,theexternal
loadandfeedpressmeweresuchthattheoilfilmcouldnotrupture
permanently,thenthejournalcentermovedinanarcto anequilibrium
positioninwhichthe’lineof centerswasnormsltotheloadline
(figs.5(a)and5(c)).Ontheotherhand,ifthefeedpressureweretoo
lowtopreventfilmruptureundertheappliedload,theequilibrium
positionoftheshaftcenterwasdisplacedupward,inthedirectionof
loading,as infigure5(b).

Whenthelubricantwaskerosene,theshaftmovedveryquicklyto
thenewequilibriumpositionimmediatelyaftertheloadwasapplied
(figs.5(a)snd5(b)).Withstrawparfifinoil,theshaftapproached
theloadedequilibriumpositionina tightspiral(fig.5(c))before
finallysettlingdown.Thisbehaviorisinaccordwiththehighwhirl-
dampinginfluenceattributedtolow-viscositylubricants,asdiscussed
inthesectionon startingandstopping.

— ———z———-. —. ———. — .. .—-—. - ——— .— ..— -.... —.
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starting andfiO@Ilg

.

Startingunderno load.- Whentheshaftwasstartedfromrestunder
noload,itmovedina spiraltowardthecenterofthebearingwitha
meanangulsrvelocityinitsorbitof justunderone-halftheshaftspeed,
aspreviouslydiscussed.Regardlessofthecodinationofvariables
tried,thespiralalwaysendedina steadyspotatthe”centerofthe
besring.However,theconditionsoftheparticulartestdeterminedhow
quickl-ythisequilibriumpositionwasreached.

Highshaftspeeds,highlubricantfeedpressures,andlow-viscosity
lubricantsallfavoredmorerapidsteadyingofthesh~. 5e dsmping
effectofhigherlubricantpressuresonwhirlingcanbe seenby compsring
parts(a)and(b)of figure6; thedsmpingeffectofhighspeedsis
strikinglyshow by comparisonof figure6(b) withfigure6(c),while
thesteadyinghfluence”oflowviscosityisevidentfromthefactthat
italwaystookmch longerto reachequilibriumwhenhigher-viscosity
lubricantswerewed atthesamespeedandlubricantfeedpressure.

Startingumdersteadyload.- Figure7 showsthemotionofthe
spindlecenterwhenstartedfromrestunderanupwardload-of50pounds
persquareinch. Itisconmonlythought’that,uponstartingfrom-rest,
theshaftcrawlsalongthebesringwallina directionoppositeto that
shown,untilsolidfrictionisreducedsufficientlyby theformationof
anoilfilmforhydrodynamicforcestotakeover.Thiseffectisnot.
observablein figure7, indicatingthattheoilfilmwasgeneratedmuch
morerapidlythanisususllyassumedandthatthecrawlingmotion,if
presentatall,wastoosmall.tobe detectedinthephotograph. ,

Startingatthetopoftheclear~cespace,theshaftmoveddown ‘
andtotheleftasit cameup to speedsaditsload-carryingcapacity
increased.Itthenmovedtowardthecenteroftheclearancecircle,
finallystabilizingatan eccentricityratioof0.27,whichagreeswith
thetheoreticalpredictionsofMuskAtandltx?gan(reference10).

Theabsenceof fullspiralingmotionslikethoseobtainedwith
no-loadstsrtingisapparent.Indeed,ithasbeenfoundthatfree
whirlingofthejournalisstronglydampedby theapplicationofan
external.load.

Stoppingtransients.-Whentheshaftwasstoppedunder50-pound.
per-square-inchupwardload,itscenterretracedexactlythepathof
figure7 movingto theleftandthenupwardastherotationalmotion
sloweddownandtheload-carrying

.

capa~ityoftheoi~filmdecreased.

/

,.

.
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Cons’tantLoadRotatingatConstantSpeed

NACATN 25h-h

Importanceofrotatingloads.-Bearingssubjectedto rotatingloads
sreencounteredinmanycommonmachines.Slightunbslanceinhigh-speed
shaftsmaysubjectthebearingstorelativelylargecentrifugalloads.
Thereduction-gearbesringsofrotaryaircraftenginesmayhaveappre-
ciablecyclicloadsimposedby vibrationsresultingfromgustsandby
gyroscopicforcesassociatedwithmaneuveringtheaircrafi.Oncea
rotorstartstowhirlinitsbearings,thecentrifugalforcesresulting
fromtheeccentricitytendtomaintainor evenincreasethesmplitude
ofwhirl.Conse~ently,a bowledgeoftheeffectof rotatingloadson

~ hydrodynamiclubricationwouldbeveryusefulinbearingdesign.Since
thehydrodynamicforcesdevelopedina sleeve-besringoilfilmdepend
notonlyupontherotationoftheJournalaboutitsowncenterbutalso
uponthemotionofthewholeshaftintheclearancespace,it isapparent
thatanyorbitslmotionofthejournalcenterimposedby a constant
rotatingloadwill,ingenersl,produceaneccentricitydifferentfrom
thatgivenby thesameloadappliedunidirectionally.

Shaftrotating.-Figure8 showstheeccentricitiesresultingfrom
theapplicationofa 7.8-pound-per-square-inchloadrotatingatvarious
frequencies.TheratioNp/NJ. 0 representsa constantunidirectional

load,andthevalueof ~ hereagreeswithMuskat’sprediction(refer-,
ence10)fora floodedfulljournalbesringundertheseconditions.As

.

~/Nj isincreased,~ increasesalso,peakingsharplyat

W’Jj= 0.5. Furthertncreasein ~/Nj isaccompaniedby a dropin

agreeswiththefindingsofBurwell(reference7) andUnderwood(refer-
ence11),namely,thata bearingsubjectedto a constantrotatingload
appliedatthefrequencyof shaftrotationhasa loadcapacitynumeri-
callythe’sameas iftheloadwerestationary.Frequencyratiosgreater
than1.0yieldeccentricitieslowerthanthoseobtainedby constant
unidirectionalloading.

Theequationsrelatingthevariablesinthecaseofa constant
loadrotatingat constantspeedarefound(references7 and2)tobe

.

(2)

—..— ... ----
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.

,

.

Thesesrebasedonthefollowingassumptions:

(1)No endleakage

(2)Continuousoilfilmaroundthebearing

(3)No localchangesinviscosity

(4)Theoilhasno inertia

(5)Oflpressweisconstantalonga radius

Ifnomotionofthe~ournalcenterrelativetothedirectionof

theloadisassumed
( )
~ - m . 0 , theequationsreduceto
dt dt

(3)

\
Equation(4)statesthattheangularpositionoftheI.irleof centers

isalwaysatrightanglestothedirectionoftheload.TO checkthis
experimentally,a contactorwasfastenedtotherotatingloaddeviceto
producea brighteningofthespotontheoscilloscopescreeneverytime
theloadwasin someknowndirection.Itwasfoundthat,whilethe
periodofrotationofthelineof centerswasthesameastheperiodof
loadap@ication,thephaseangleg betweenthelineof centerssnd
theloadlinewasnotordinarily90°. Furthermore,theangularvelocity
ofthelineofcenterswasgenersllynotconstant;hence,thephaseangle
variedduringeachrevolution.Forexample,figure9 showsthephase
anglesfortheindicatedloaddirections,with ~/Nj . 1/6, inthe
floodedbearing.Thefluctuationsin angularvelocityofthejournal
centerwerequitenoticeable,therebeinga distinctpausewhentheload
wasataboutlm” enda less-pronouncedpauseatabout75°. Whenthe
oilfeedpressurewasincreased,thecharacteroftheorbitchsnged
noticeably,thel’pausesl:becomingsmallloops,withmuchgreaterfluctua-
tionineccentricityratioduringeachcycle.T%oughthephaseangles
wereconsiderablycloserto 90°inthepressure-fedbearing,the
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variationinangulsrvelocityoftheshaftcenterwasstillapparent.
Thedifferencesinperformancebetweenthefloodedbearingandthepres-
surizedonesrerelatedto film-rupturephenomenadiscussedpreviously. .

Now,sinceequations(3)and (k) assumeboth q snd q constant
withtime,thefactthat dp/dtwasfoundexperimentallytohaveposi-
tivenegativevaluesduringeachcycleandthat q wasnotconstant
mightaccountforthedeparturesofthephasesnglefromthepredicted
90°md fivalidate$equations(3)ad (4). When ~/Nj = 1/2, the
fluctuationsin q and Q werefoundtobe quitesmafi,thelineof
centerslaggingbehindtheloadlineby about30°duringtheentire
cycle.Thisobsemationwasmadewith Nj = 150rpm,a I-2.5-pound-~er-
square-inchloadrotatingat75rpm,with-SAX10 oilinthebesring.
Variationinfeedpressurehadno noticeableeffectonphaseangle,
eccentricity,or characteroftheorbit.

Onemethodofcheckingthevalidityofdifferentialequations(1)
and(2)would%e toperforma numericalintegrationwithexperimentally
detemninedboundaryvaluesof q and cp sndseewhethertheresulting
journal-centermotioncorresponds‘tothatobsemed.

Whentheloadisrotatingat one-halftheshaftspeed,equation(3)
indicatesthatthebearingwillnotcarryanyloadwithsneccentricity
ratiootherthanunity. Intheexperiments,itwasfoundthatthepeak .
eccentricityratiowaslessthanunity,decreasingslowlywithdecreasing
loadanddecreasingrapidlywithincreasingspeed.Theseeffectssre ~
apparentinfifqne10.

.

Onepossibleexplanationforthepresenceof anoilfilm,inviola-
tionofthetheor@icalpredictionswhen ~~j = 0.5, liesinthedis-

cardingofhigher-ordertermsinthedevelopment”ofthetheory(refer-
ence2). However,whenthiswasinvestigatedby substitutingtest
conditionsintothediscardedterms,itwasfoundthatthesetermswere
trulynegligible,causingtheoreticalchsngesineccentricitywhichwere
considerablysmallerthantheaccuracyofex@rimentslmeasurements.

Anotherlikelysourceofthediscrepancywasthepossibilityofa
dynamicstiffeningeffect,inthepivoted-padmainbearing,whichmight
preventthejournalfromattainingthemaximmeccentricityinthetest
besring.Thestiffeningwouldhave.to stemfromdynamicforces,since
itwaspossibletomaintaincontactbetweenjournalandbesrtigwhile
rotatingtheloada fullrevolutionslowlyby hand.To ascertainthe
roleofmain-bearinghydrodynamicforces,in stiffening,test-bearing
motionswerestudiedfirstwithSAE10oilinthemainbearingandthen
withkeroseneh themainbearing,whilemaintainingconstantconditions

.,

atthetestbearing.Thetestsshowedthattheviscosityofthe-lubricant
.

,
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inthemainbearinghadno effectontheeccentricityinthetest
besring,indicatingstronglythatmain-bearingstiffnessdidnotlimit
journalmotionsinthetestbearing.

A thirdexplanationproposedforthenonuniteccentricityratios
obtainedWith Np/Nj= 0.5 wasthatgyroscopicforcesfightopposethe

hydrodynamiceffects.,Huwever,simplecomputationsshowedthat,because
ofthelowjournslspeedsusedintests,gyroscopicforceswerewch too
smalltohaveanynoticeableeffectoneccentricity.

It istruethattheeccentricityrisesto a sharppeakwhen
Np~j = O.5 (fig. 8) andthatitisbesttoavoidsuchconditionsin
practicewheneverpossible.Itwouldbe desirableto ascertainwhat
physicalconditionspreventtheeccentricityratiofromreachingthe
theoreticalvalueofunitywhen Np/Nj=0.5. A knowledgeofthefactors
whicharefavorabletothemaintenanceof anoilfilmunderthesecondi-
tionscouldprovidevaluableaidinthedesignof sleevebearingsfor
applicationswherecyclicloadcomponentsatornearone-halfthefre-
quencyof shaftrotationareunavoidable.In aneffortto obtainsome
cluefromtheappearanceofthetestbearing,theshsf’twasremovedand
thebearingstudied.Burnishmarksnearbothendsofthebesrtiggave
strongindicationthattheshaftandbearingaxeswerenotparallel.A
verycsrefulcheckwithsensitivedialindicatorsrevealedthefactthat
thesxesdivergedby 0.0006inchinthe3-inchhousinglength.This
misalinementwasreducedto 0.00015inchby strainingthehousingsup-
portswithshortlengthsof arcweld,whichcontractedtheparentmetal,
causingthehousings-tomoveinthe‘$roper

EIT’ECTOFBEARINGMISALINEMENTON

ROTATINGwAD AT’ONE-HALF

[Rotatingload,12.5lb/sqin.at

directions.

ECCENTRICITY,WITH

SHAFrSPEED

one-hslfshaftspeed;

SAE10oil,floodlubrication]

+
Shaftspeed Eccentricityratios ~

(m) 0.0006-ti.mis~inement 0,00015-in.misalinement

l% 0.72 0.83

300 .61 .66
L
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Theabovetableshowsthatthisimprovementinalinementresulted
ina closerapproachto thetheoreticaleccentricityratioofunity
when ~~3=1/2, indicatingthatmisalinementisprobablya contrib-

utingfactorinthediscrepancybetweentheoryandexperiments.

Thatmisalinementmightpreventa zerooil-filmthiclmesswhen
~/Nj = 1/2 canbe seenfromthequalitativediscussionwhichfollows.
AssumingthatcenterA (seefollowingsketch)whirlsin a circularorbit,

EffectofAisalinementon shaftwhirl.

B andC sreforcedto rotatein circularorbitsslso(sinceoneendof .
theshaftisessentiallyfixed),butthecentersofthelatterorbits
willbe displaced,respectively,belowsndabovethecenterlineofthe
bearing.Thisnonconcentricwhirlingoftheshaftateverysection
exceptA willproducevaryinghydrodynamicforcesFl and F2, equiv-
alentto externalloadssuperimposedontheappliedroatingload.As
willbe discussedh a latersectionofthisreport,suchcombinedloads
mayreducetheeccentricitybelowthatwhichwouldresultfromthe
rotatingloadalone,
snincreaseinshaft
and F2 andfurther
experimentalresults

appli~atone-halftheshaftspeed.Furthernmre,
speedwouldincreasethehydrodynamicforcesl?~
reducetheeccentricity.Thisagreeswiththe
in figure10 andintheprecedingtable.

Additionaltheoreticalandexperhentalstudyalongtheselinesis
neededbeforemoredefiniteconclusionscanbe drawn.However,the
resultssuggestthepossibilityofcontrollingshaftwhirlingby intro-
ducingcontrolledmisalinementbetweenthebearingandshafisxes.

Shaftstationary.-Itwasthoughtthattheindicatedclearance
circlecouldbe obtainedrathereasilyby applyinga rotatingloadto
thestationaryshaftandphotographingtheorbitontheoscilloscope .
screenafteralltheoilhadbeensqueezedoutofthebesring.Actually,
itwasfoundimpossibleto squeezealltheoiloutoftheclearsncespace
inanyreasonabletimeafteroilshut-off.

..—— ————...——_. __
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Typicslresultsoftheseexperimentsareshowninfigure11. The
eccentricitiesweresmallaslongaslubricantwasbeingfedto the
testbearing,increasingveryrapidlyinthefirstminuteafteroil
shut-off,andincreasingveryslowlyfromthenon. Theeccentricities
wereverysensitiveto frequencyof loadrotation,approachingzerowith
increasing’speed,evenaftertheoilhadbeenshutofffora longtime.

An unsuccessfulattemptwasmadetoremove”alllubricantfromthe
testbearingby thoroughflushingwithpetroleumetheranddryingwith
compressedair. Evenafterthistreatment,itwasnotpossibleto
obtainan eccentricityratioofunityby applyinga 200-poundload,
rotatingat97rpm,tothestationaryshaft.Themaximpmeccentricity
ratioreachedinthistestwas0.82, 1/2minuteafterstsrtingtheload
rotation.Itwasconcluded,thereforethatthistechniquewasunsatis-

● factoryforobtainingtheindicatedclearancecircle.

Informationwasobtainedonthephaseanglebetweentheloaddirec-
tionandthelineof centers.Itwasfound,intheabovetests,that
thelineof centerslaggedbehindtheloadlineby an an~e whichvaried
from0°tom“, dependingonwhetherthespeedwasloworhigh,respec-
tively.Theonlywayinwhichthezerophaseanglecouldbe obtsined
wasby rotattigtheloadveryslowlyby hand,andinthiscasetheshaft
centertracedoutthetrueclesrancecircle.However,whentheloadwas
drivenatanyappreciablespeed,theeccentricityratio’wasalwaysless
thanunity,.andthephaseanglewasalwaysgreaterthanO, in spiteof
thefactthatno oilwasbeingsuppliedtothebearing.

Theseeffectsarenotunderstoodasyet. Furtherstudiesof the
consequencesofmisalinement,localheating,or inertiaforcesmight
throwsome’lightonthesubject.

,

SinusoidalAlte-tingLoadinVerticalDirection

Burwell(reference7)ha~extendedthehydiody&nictheoryof
lubricationtothegeneralcaseofa periodic-loadandhasappliedhis
findingsto thesolutionoftheproblemofa sinusoidalreciprocating
loadwitha journalrotatingat constantspeed..Sinceno analytical
solutiontohisdifferentialequationscould%e found,he carriedout ,
thesolution,bya step-by-stepnumericalintegration,usinga trial-
and-errorprocessto obtainclosed-pathsolutionsinonecycleof load
application.Hiscomputationsforthecaseof Np/Nj= 1/2 leadtothe
sameconclusionarrivedatby Dick(reference6),namely,thattheoil
filmwill

Just
tiatedby

notsupporta sinusoidalloadappliedatthisfrequency.

asinthecaseofrotatingloads,thetheorywasnotsubstsn-
experimentswithsinusoidalloadsappliedatone-hslfthe
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frequencyof shaftrotation, asmaybe readilyseenfromfigures12,13,
and14. An oilfilmdefinitelyexistedinall.experiments,andthis .
filmincreasedinthicknessastheSommerfeldvariablewasincreased.

Burwell’scalctiationsproducedorbitswhichresembleellipses
forsinusoidalalternatingloads.He foundthatthelongaxiswasin
thedirectionofloadingwhen %/Nj wasgreaterthan1/2andthatthe
longsxiswasperpendiculartotheloadlinewhen ~/Nj was less

thsn 1/2. At Np/Nj= 1/2, hisorbitwastheclesrancecircle.These

shapesagreeratherwell,ingeneral,withexperimentalfindings,as
maybe seenfromtheexamplesinfigure15. Furthermore,asBurwell
pointedout,thepathsbecomemorecomplicatedforvaluesof ~/Nj
lessthanabout1/4. Hisorbitfor Np/Nj= 1/4 didnotexhibitthe 0
extraloopshowninfigure16(a),butthisdiscrepancycanperhapsbe
attributedtothewidedivergencebetweenhisvalueof ~ (0.,01)
andthatusedintheexperiment(2.38).Figure16(b)showsan inter-
estingsymmetricdouble-looppattermobtainedwith Np/Nj. 1/6. The

complicatedgyrationsoftheshaftcenterbeforefinsllysettlingdown
to an equilibriumorbitareillustratedby figure16(c),whichwasphoto-

graphed1*minutesaftertheshafthadbeenstartedfromrest. Ittook

anadditional1*minutestoreachan equilibriumorbitsimilarinshape

to figure15(a).Mostofthefrequencyratiostestedproducedequilibrium
orbitswhichclosedtionecycleof loadapplication.Theexceptionto
thiswas Np/Nj=0.7, inwhichcasethepathwasanoscillatingspiral
betweena largeranda smallerorbit.Thetimerequiredto reachequi-
librium,thecomplextransientpatternstracedby theshaftcenterbefore
equilibriumwasreached,andthecharacteroftheultimateequilibrium
orbitindicatethatcertainNp/Nj ratiosproduceequilibriumorbits

whichclosein oneloadingcycleonlyasa resultofexternaldamping
conditions,orthefactthatparticularinitialconditionsexisted.The
behaviorisanalogoustotheforcedvibrationsof a resonantsystem,in
whichtheequationsofmotioncontaintermsdependentuponinitislcondi-
tionsandupontheresonantfrequency.Thesetermscanbe neglected
onlyafterdampinghaseliminatedtheeffectof initialconditions.There
isa greatdealofroomforfurtherworkincorrelatingthetheorywith
experiments.

Sincetheorbitswerenotcirculr,exceptwhen Np/Nj= 1/2, it
waspossibletomeasurea maximumsnda minimumeccentricity.Plotsof
thesevaluesfortwodifferentvaluesof ~ sreshowninfigure12.

.
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Whentheloadwasappliedata verylowfrequency(~/Nj

tricityvariedfromO,whentheloadwasO, to a msxinnun

19

= o) , theeccen-
whichcorre-

spondedtothepeakloadappliedcontinuously.As ~~3 wasincreased,

both ha and ~ increas+,qtin increasingfasterthan T-

until Np/Nj reached0.5,atwhichpoint ?lti= ~= andtheorbit

wascirculsr.Furtherincreasein ‘~/Nj resultedina rapiddropin

eccentricity,with ~m fallingconsiderablybelowthatforthecon-
stantunidirectionalload,atvaluesof Np/Nj aboveabout0.65. These

obsemationscorrespondgenerallytotherelativeload-capacitycurves
presentedby Burwell(reference7)andUnderwood(referencen).

In figure13, theverysmallinfluenceofm nitudeofloadon
eccentricityforsinusoidalloadingat 7Np/Nj= 1 2 isdemonstrated.
Aboveloadsofabout6 poundspersquareinch,theeccentricityincreased
onlyslightlyforlargeincreasesinload;while,asmaybe seeninboth
figures12ahd13,theeccentricitydroppedrapidlyasthespeedwas
increased.Figure14 showsthat,fora givenSommerfeldnuniber,low
viscositiesfavoredthicklubricmtfilms.Figures13 dnd14 srecon-
vincingevidencethat,asthetheorypredicts,hydrodynamiclubrication
isinoperativeinbearingssubjectedto sinusoidalalternatingloadsat
andnesrone-halfthefrequencyof shaftrotation.TheSommerfeldvari-
able,whichisa parsmeteroftruehydrodynamiclubrication,isnot
imqmrtantundertheseconditions.Varyingtheviscosityor load,ina
giventest,seemstohavelittleeffectontheeccentricitywhen
Np/N3= 1/2, whilechangi-thespeedhasa pronouncedeffect.The
originof load-supporttigpressuresinthelubricantfilmisnotknown.

CombinedRotatingandAlternatingLoads

A seriesoftestswasrunwitha combinationofrotatingandalter-
natingloads.Therotatingloadwas12.5poundspersquareinchapplied
atthefrequencyof shaftrotationto simulatecentrifugalloading.The
sinusoidalalternatingloadwasfrom-12.5to 12.5poundspersquare
inch,appliedatone-halfthespindlespeedtorepresent,forexample,
gas-pressureloadingina four-stroke-cycle’enginecrankshaftbeuing.

Theresultsarepresentedinfigure17,parts(a)and(b)being
photographedunderthessmeconditionsexceptfora 90°phasechangein
therelationshipbetweentherotatingandalternati43loads.Itis
apparentthattheeccentricitiesareconsiderablygreaterthanthose
whichwouldresultfromthesameloadsappliedsteadily,andit isalso
obviousthatthephaserelationshipbetweenthecentrifugalendgas-
pressureloadshassomeslighteffectontheeccentricity.However,the



observationofgreatestsignificanceis that thealternatingloadalone
(fig.17(c))appliedathalftheshaftfrequency“producedaneccentricity - .
ratiowhichwasgreaterthanthatresulttigfromthecombinedloads,even
thoughthecombinedloadpeakswereasmuchastticethoseof thealter-
natingloadalone.Furthermore,figure18showsthatthe’higherthe
superposedrotatingload,thethickertheoperatingoilfilm.This
phenomenonhelpsto’explainwhyfour-stroke-cycleenginecrankshaft
bearingscanoperatewithcompletefilmlubrication,in spiteofthe
gas-pressureloadingatthecriticalfre&encyofone-halftheshaft
speed;fortheinertiaandcentrifugalloadcomponentstendto reduce
theeccentricityinthesamemanneraswasfoundintheexperiments.

Inviewoftheforegoingdiscussion,itisentirelypossiblethat
troublesomewhirlinginsleevebearingscanbe reducedto a safeoper-
atinglevelby theadditionofa rotatingloadatthefrequencyof shaft
rotation- forexample,by purposelyintroducingsomeunbalsnceinthe’
rotatingmembersandtakingcareoftheresultingvibrationby vibration-
isolationmounts.

DISCUSSIONANDRESULTS

Theexperimentalinvestigationofthehydrodynamiclubricationof
cyclicallyloadedbearingswascarriedoutinorderto checkthevalidity
ofanalyticalstudiesof simplecasesofcyclicloadingandto determine
theeffectoftheloadingconditionsonhydrodynamiclubricationwhen
theloaddiagramissocomplexthatanalyticaltreatmentoftheproblem
isdifficultor impossible.

Thetestingmachinebuiltforthisstudyincorporatedan accurately
lappedspindleinprecision-boredbearings,a lubricantsupplysystem,
andmeansforapplyingsteady,alternating,androtatingloadsto the
testbearingaccordingto someselecteddiagram.Thevariablechosen
asa sensitiveindicatoroftheeffectivenessofhydrodynamiclubrica-.
tion,thepositionofthecenterofthejournalintheclearancespace,
wasmeasuredwitha radio-frequencymicrometerofhighsensitivity.

A numberof alterationsweremadeto theapparatusdurtigthe
tivestigation.Replacementofthesleeve-typemainbesringby a stiff
pivoted-padbesringaccomplisheditspurposeofmaintainingoneendof
theshaftessentiallyfixedwhilemeasurementswerebeingmadeof spindle
motionsattheotherend. Theradio-frequencymicrometerwasrebuiltand
mademorestableandlinear.A newsilver-platedtestbearingwas ●

instslledandprecision-boredwitha taper,suchastokeeptheshaft
surfaceapproxhnatelyparallelto thetestbearingsurfacealongthe ‘
lineof closestapproach.By providingmorepositiveclamping,the

.
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linearityof calibrationofthemicrometerprobecantileverswasimproved
considerably.

Conclusionsdrawnfromstsrting,stopping,endsudden-loadtests ,
wereessentiallythesameasthosefoundbeforethechangesweremade,
withtheexceptionthatitwasnotpossible.toproducesustainedorbitsl
motionofthejournal.Also,itwasfoundthattheamountofwhirling
duringstartingwassubstantiallyreduced.Apparently,eitherthe
originalsleeve-typebearingprovidedexcitationforwhirlingorthe
pivoted-padbearinghasa dampingactiononwhirling.Factorstending
todsmpjournalwhirlwerefoundtobe highnonperiodicloads,highshaft
speeds,highlubricantfeedpressures,andlow-viscositylubricants.

Studiesof filmrupt~edueto te&ionintheoilfilmwerecon-
ductedby runningthebearingatno load,thenphotographingthespindle
motionsasanupwardloadwasgraduallyapplied.Theoretically,as long
asthenegativepressuresaresustained,theoilfilmremainsintactand
theshaftmovesatrightanglestothedtiectionof loadapplication.
Whentheload,issufficientlyhighto overcometheinfluenceof feed
pressuresinthecirc@erentialgroovesandto causeruptureoftheoil
film,theshaftmovesinthedirectionoftheload.Theexperiments
showedthat,inaccordancewithexpectations,thehigherthelubricant
feedpressure,thehighertheloadthatcouldbecsrriedbeforefilm
ruptureoccurred.Theeccentricityratioattainedundera givenload
appearedto depend,withinlimits,uponwhetherruptureoccurredand
upontheextentoftheruptureoverthebearingsurface.Therewassome
indicationthattheoilfilmhasanunexpectedlyhightensilestrength,
althoughsufficientquantitativedatawerenotobtainedtomakethis
observationconclusive.

. .
Whenthetestbearingwassubjectedto a rotatingor sinusoidally

alternatingload,theshaf%centermovedinanorbitwitheccentricity
ratioswhichdependedontheratioof loadspeed

%
to spindle

speedNj. Themeanfrequencyof rotationofthes d% centerin its

orbitwasalwaysequslto thefrequencyofloading.When Np/Nj ms

1/2,theeccentricityratiowasa maximum,butit didnotreachunityas
predictedby theory.Thismsximumeccentricityratiocouldbe lowered
by increasingthespeed,butitwasnotaffectedappreciablybychangesin
lubricantviscosityor externalload.A numberoftheoriesregarding
thereasonfortheunpredictedpresenceofanoilfilmwhen Np/Nj= 1/2

weretestedwithoutfindinganyvalidexplanation. 0

Somepublishedtheoreticalstudiesofbearingsunderrotatingloads
arebasedontheassumptionsof constanteccentricityandconstantphase
anglebetweenthelineof centersandtheloadline. Neitherofthese
conditionswasfoundto existinthetestbeering.

. —. — . . . .. .—— —— . -..-.— . —
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Withsinusoidalalternatingloads,theorbitsresembledellipses,
withthelongaxisinthedirectionofloadingwhen Np/N.jwasgreater

than1/2andperpendiculartotheloadlinewhen 1/4<N#Nj <1/2.”

Forvaluesof NP/NjS 1/4,thepathsweremdrecomplicated,theshape

dependingupontheparticularvalueof ~/Nj. Theseobservationsagree
verywellwithBurwel.1’scalculatedfindings.Thema~ordiscrepancywas
inthefactthat,with ~/N =

al
1/2,theeccentricityratiooftheorbit

waslessthanthetheoreticvalueofunity.

Whentestswerem titha combinationofa rotatingloadat shaft
speedsndanalternatingloadatone-hslfshaftspeed,itwasfound
thattheeccentricityratioswerenotsogreatwiththecombinedloads
astheywerewiththealternatingloadalone.Thisresultispertinent
tothecaseof cranks= bearingsina four-stroke-cycleengine.

BattelleMemorialInstitute
Columbus,Ohio,November1,1948
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APPENDIXA
.

DESIGNANDCONSTRUCTIONOFBEARINGTESTINGAPPARATUS

General

A testingmachine,shownphotographicallyin figure1, hasbeen
constructedforthisinvestigation.Themacbe employsa h-inch-tismeter

f spindle,supportedina mainbearinganda testbearing,whichareboth
precision-bored.Lubricationisby pressurefeedincircumferentialoil
grooves.Thespindleisdrivenby a V-beltthrougha ToledoTimerspeed
changer.Steady,alternating,androtatingloadscanbe applied-tothe
testbearingaccordingto a selectedloaddiagram.Measurementsof the
positionofthecenterofthespindlewithrespectto thecenterof the
testbearingcanbe madewiththeaidofa highlysensitiveradio-
frequencymicrometer.

,Spindle

Sincetheprobesweredesignedtooperateagainsta k-tich-dismeter
measuringsurface,thewholeshaftwasmade4 inchesindiameter,thus
facilitatingmanufactureandavoidingenyerrorsinconcentricitybetween
themeasuringsectionandthetestsection., ●

Theshaftlengthwasdecidedu~onfromthefactthatthemre the
mainbearingandtestbearingareseparated,thelesspronouncedwould
betheinfluenceof change$inthemainbearingonthemeasurementsat
thetestbearing.Forthisreason,theshaftlengthwassetatthe
comparativelylargevalueof28 inches.

.1
ThespindleisNE8749steel,normalizedat16000F, oil-quenched

from1550°F, temperedfor24hoursat1000°F, andfurnace-cooled.
Thislongtemperingwasusedto reduceinternalstressesandminimize
thedangerofwarpage.Theshaftwasmachinedandfinish-groundto
4.002inchesindiameter,thenring-lappedwithkeroseneandoleicacid,
using600-gritalundum,jewelerfsemery,andlevigatedalumina,succes-
sively.Finalpolishwasaccomplishedwith4/0metal.lographicpaper,
wetwithkerosene.Nomeasurableout-of-roundnessanda maximumvaria-
tionindiameterintheentire28-inchlengthof0.00013inchwasshown
by an electrolimitgagesensitiveto lessthan0.00001inch. Thedimen-
sionsaregiveninthefollowingtable.

.

.-
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SPINDLEDIMENSIONS

NACATN 2544

.

T

Distancefrom
test-hearhgend Diameter

(in.) (h.)

1 4.00160
z

~

“1

4.00165
8 Testbearing
~: 4.00165coversjour-nalhere

28 4.00164

2; 4.00162

14 4.00167

*
,4.00169

~

1

4.oo171

kin bearing
~ coversjour-4.00173@ here

275 4.00173

2?5 . 4.00166

Notethatthediametralvariationsintheportionsunderthetestsnd
mainbearingsqreonly0.00001inchand0.60002inch,respectively.
Consequently,itwasdecidedtousethespindlewiththedimensions
showninthetableandtoborethebesringsto giveaboutthesame
dismetralclearanceineachbearing. ‘

I

.

.
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TestandMainBesrings

Thefrequentlyuseddiameter-clearanceratioof1000setsthe-
dismetralclearanceinthetwospindlebearin~at 0.004inch. Inorder
tominimizetheeffectof shaftdeflectionon clearance,a shortlength-
diameterratioof0.5waschosen,resultingina bearinglengthof
2 inches.

Originally,itwasthoughtdesirabletousea centrslcircumferen-
tialoilgrooveinthetestbearing,witha similargrooveneareach
end. High-pressureoilwouldheintroducedintothecentralgroove,
whilelower-pressureoilwouldbe suppliedto thetwoendgrooves.Such
anarrangementwouldprovidepositivepressuresealsatthebearing
ends,therebyavoidingtheentranceofairintotheclearancespace.
Examinationofthisdesignrevealedthefactthatsucha bearingis
exactlyequivalenttotwoend-f~dbearings.Therefore,thedesignof
thetestbearingwassimplifiedby theeliminationofthecentral~oove
andtheprovisionforindependentoil-pressurecontrolsateachend
groove,resultingina singleend-fedbesringwitha positiveseslat
eachend. Themainbearingwasdesignedwitha singlecentralcircmn-
ferentialoilgroove.

Thetestandmainbe&ingsarel/4-inch-wallsteelshellswhich
wereelectroplatedinternallywith0.025inchofpuresilverandthen
pressedintothecast-ironhousings.Silverwaschosenasthematerial
forthemainandtestbearingslargelybecauseoftheeasewithwhich
suchbearingscanbemadeinthelaboratory.E!oringwasaccomplished
inthemillingmachinewiththeaidoftheprecision-boringarrangement
showninfigure19. TheboringbarwasmadeofNE8749steelinpre-
ciselythessmemannerasthespindle,exceptthatitsnominaldiameter

was32 inchesinsteadof4 inches.Afterthefinalring-lappingand
8

polishing,electrolimit-gagereadingsreveslednomeasumibleout-of-
roundnessanda maximumvariationindisneterintheentire30-inch
lengthof 0.00002inch.Fortheboringoperation,thisaccurately
lappedboringbsrwassupportedneareachendby three.padsfacedwith
silversolderandboredtothesamediameterastheboringbar. Thetwo
lowerpadswereboltedrigidlyto thehousing,whilethetoppadexerted
a downwardthrustontheboringbarthroughtheactionof a cantilever
springwhichconnectedthepadto thetopofthehousing.Theboring
barwasdrivenby a milling-machinespindlethrougha pairofuniversal
joints.Thus,theaccuracyoftheboredholeswasindependentof errors.
inthemilling-machinespindleanddependedonlyon theaccuracyofthe
boringbar.

Themeasuredboreswereasfollows:Testbearing,4.00585inches;
mainbearing,4.00630inches.

.

.
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Comparingthesevalueswi~hthedtiensionsofthespindlegivenin
theprecedingtable,thediametrslclearances,as determinedfrom
spindleandbearingmeasurementswere: Test-bearingclearance,
0.00420inch;main-bearingclesrance,0.00457inch.

Approximately0.010inchof silverremainedintheshe12.safter
boring.Theseholes,checkedwitha standsrd-boregage,showeda maximum
taperofO.0000~inchandnomeasurableout-of-roundness..

Afterthebearingshadbeenin servicefora while,themachine
‘wasdismantled,thesilversulfidefilmandbursdiscussedInthesec-
tion“CalibrationofApparatus’1wereremovedfromthebearings,andthe
boreswereremeasured.Thesemeasurementsshowedthetestbearingto
havea.maxhnumdiametrslvsriationinthe2-inchlengthof0.0002inch
sndanout-of-roundnessof0.0003inch,whereastheoriginalmeasure-
mentshadindicateda msximumtaperof0.00005inchandnomeasurable
out-of-roundness.
accurateoneat a

Itwasdecidedto replacethisbearingwitha more
convenientstoppingplaceinthetests(seeappendixB).

Lubrication

A schematicdiagramofthelubricationsystemisshowninfigure20.
Thetwolubricantsourcesatthetestbesringhaveindependentcontrol
valvesendgages,whiletheremainderofthebearingssresuppliedfrom
a commonsource.Therotating-loadbearingandthealternating-load
bearingsaresuppliedwithlubricantfromthetestbearingthrough
radislandaxialoilholesinthespindle.Alloilwasfilteredbefore
deliveryto thebesringsbyPurolatormicronicfilters.

Theaspiratingpumpremoveslubricantas itleavesthetestand
mainbesringssndtherebypreventsit fromrunningoutonthespindle
underthemicrometerprobes.A brassringaroundthespindle,fastened
tothebearinghousingandboredabout0.001inchlargerindiameter
thanthebearing,formsonewallof a chsmberfromwhichtheaspirator
removesthelubricant.Ihringtestswithkeroseneasthelubricant,it
wasfoundthatthesingleasptiatingpumpcouldnothandlethelsrge
volumeof flowwhenthepressuresatthebetiingswereabove15pounds
persquareinch. Theadditionof a secondaspiratingpumpincreased
thisupperlimitto 30poundspersquareinch.

Thesumpisequippedwith100feetof5/8-inchcoiledcopper
tubingforwatercooling,sothattheoiltemperaturecanbe keptclose
to roomtemperature.

——— . .- —.— — .
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Drive

.

.

Thetestshaftisdriventhrougha rubbercouplingfroman auxiliary
shsftto avoidthetransmissionofvibrations.Thedriveisacontin-
uouslyvariablepulleytype. Therangeofspindlespeedsobtainable
dependsuponthepulleysused,andthespeedcanbe convenientlysetat
anyvaluebetween150and3000rpm. Mostofthetestworkwasdoneat
spindlespeedsbelow1000rpmto avoidexcessiveheatingeffectsandto
obtainlowvaluesoftheSommerfeldvariable.

A camshaftisprovidedto applyrotatingoralternatingloads.The
camshaft-drivearrangementconsistsofa 2:1silentchaindrivefromthe
spindletoan intermediateshaftanda 16-pitchchange-geardrivefrom
theintermediateshaftto thecamshaft.Thefollowingratiosofspindle
speedto camshaftspeedcanbe obtained:‘10:1,6:1,4:1,2.80:1,2.43:1,
2.11:1,2.06:1,2.00:1,1.95:1,1.89:1,1.65:1,1.43:1,I.oo:l,0.67:1,
andO.hO:l.

Therotating-loadjackshaftis drivenfromthecamshaftby a
1:1silentchaindrive,includigganadjustableidlersprocketto take
up chainslack.Withtheoriginalsetup,therotatingloadwouldturn
intheoppositedirectionfromthatofthespindle.Sincethemajority
oftheworkwithrotatingloadsisplannedwiththeloadrotatingin

.thesamedirectionasthespindle,provisionismadeforaccomplishing
thisconditionby substitutinga pairof12-pitchgearsforthe2:1silent
chaindrivefromthespindleto theintermediateshaft.

LoadingMechanism

Loadsareapplied,>ymeansof compressionsprings,through

pressure-lubricatedl;-inch-diameterbabbittsleevebearings.The

loadingspringsweredesignedfora maximumdeflectionof 1 inchunder
a loadof500pounds.

Alternatingloadsareappliedby anadjustablecam,on whichis
mounteda ballbesringwhichcausestheflatfollowertoreciprocate
withsimpleharmonicmotionasitridesontheouterraceofthebearidg.
TheeccentricityofthecamisinfinitelyvariablebetweenO and1/2inch
,(1-in.maximumfollowertravel).An additionalspringarrangement,
wherebytheloadonthetestbearingowingto theweightoftheshaft
canbe removed,isprovided.Thus,itisyossibleto applyloadswhich
varyharmonicallybetweenO andanydesiredvalueup to 500pounds.It
isalsopossibleto superimposethesealternatingloadsupona preset
steadyload.

. .. . ..—.---- -—-—..—- - --— ...- ——-— — .—-— ——— —- -- --—--—— _ . .. . . . . . . .—. .----
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Steadyloadscanbe appliedwiththesamespringby disconnecting
thecamshaftdrive.It isalsopossibleto runtestswithsuddenly w
appliedloads-byinsertinga wedgebetweenthespringhousinganda nut
ontheloadingboltinsucha mannerastotransferallloadfromtheI
loadingbesringtotensionintheloadingbolt. At thedesiredinstant,
thewedgecanbe drivenoutby a hammerblow,sndtheloadis immediately
appliedtothebearing.

Rotatingloadssreappliedthrougha sleevebearing,towhichis
attachedonearmof a bellcrank.Theloadingspringbearsontheother
armofthebellcrank,whichpivotsona pinthroughtherotating-load
jackshsft.

Vibrations

Thenaturalfrequenciesofthevariousloadingspringshavebeen
calculatedandwerefoundtobe safelyoutsidetheoperatingfrequency
range,as indicatedinthefollowingtable.

NATURALFREQJJENCYOFLOADINGSPRINGS

I Spring INatural.frequencyI Operatingfrequency
(cpm) (rPm)

Steadyandslter- 4680 2000msx.
natingload
Rotatingload 5000+ 2000max.

Calculationsweremadeto determinetheseriousnessof sngular
oscillationinthecouplingduetotheapplicationof analternating
loadbetweenO and5000pounds.Itwasfoundthatthecouplingwould
osciQateabout1P foreachloadapplication.Toreducethis,a
100-pound,11-tich-diameterflywheelwasused,andthisreducesthe
calculatedangulsrfluctuationto about2°. Theentirespindlesection
ofthemachineismountedonGoodrichType-10Vibro-Insulatormpunts.
Theseconsistoftwoanglesanda channelbondedtogetherby rubber,
whichisstressedinshearunderload. Thesemountsareloadedtotheir
maximumcapacityof50poundsperinchof length,underwhichcondition
thestaticdeflectionis3/16inch.Thenaturalfrequencyofthemount
isthen433cyclesperminute.

.
.
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MEASURINSYSTEMS
,..

Radio-FrequencyMicrometerI

Thecomponentsofthemicrometerarevisibleinfigure1. These
consistofthereceiverandpowersupplyontheshelfattheupperleft,
thecathode-rayoscillographtotherightofthereceiver,andthetwo
probes,oneofwhichishiddenfmmview,fastenedtothetest-bearing
housingatanangleof45°withthehorizontal.

A ,descriptionoftheelectricalcircuitsandoPerationOfthe,
micrometerhasbeenpublishedinreference8. Briefly,minutedisplace-
mentsofthe~pindlearemeasuredasa functionof changesinelectrical
capacitancebetweenthespindleandmicrometerprobes.ThiscapacitanceI
ismadepartoftheresonantcircuitof a high-frequencyradiooscil-
lator,andvariationscausesufficientchanges
tobe measuredreadilybytechniquesdeveloped
broadcasting.

inoscillatorfrequency
forfrequency-modulation

.
OtherMeasurements

Load.- Thetest-bearingloadingspringshavebeencalibratedand
fittedwithdirect-readingloadscaleswithindicatingpointers.

Temperature.- Bearingtemperaturesaremeasuredby twoiron-
cmstantanthermocouplesinsertedinthetest-bearinghousingwithjunc-
tionsrestingagainstthebesringshell.Thermocouplesforlubricant-
temperaturemeasurementareinsertedinwellsinthefeedlinesjust
beforetheyenterthetest-bearinghousing.A two-penBaileypotentiom-
etercontinuouslyrecordsthebearingS@ oiltemperatureson a circular
chartwitha speedof 1 revolutionin3 hours.

1
Lubricantviscosity.-Temperature-viscositycharacteristicsofthe-

1 lubricantsusedweredeterm&edina modifiedUbbelhodecapillary
viscometerimmersed@ a vaporbath.

1 Oil.pressure.- Alloilpressuresaremeasuredby Bourdonpressure
gages.Separategagesandpressure-controlvalvesareusedforthetwo
oilsourcesinthetestbesring.A singlegageisusedforallpressure-
lubricatedauxiliarybearingswhicharefedfroma manifoldlineon the
dischargesideofthepump. Allthreepressuregageswerecalibratedin
a standarddead-weighttester.

Speed.- Roughobservationsofspindlespeedaremadewitha
stroboscopictachometer.Whentheusetowhichthedataaretobe put
requiresmoreaccuratedeterminations,a revolutioncounterandstop
watchareused.

.. . .---— .- -—---- ---- -- .— .-. .- —- —.— ----- . .
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Spindleposition.- Instantaneousandlong-timemeasurementsof the
positionofthecenterofthespindleIntheclearancecirclesremade .
withtheaidoftheradio-frequencymicrometer,describedpreviously,
Theactuelpathofthespindlecenterisrecordedby photographingthe
traceontheoscilloscopescreen.@@fication isdetemdnedbydirect
calibrationofthemicrometerfora givenprobesetting.

CALIBRATIONSOFAPPARATUS

Test-BearingClearsnce

Theeffectiveclesranceinthetestbearingwasfoundby raising
thespindleinitsbearingsbymeansof a cableandpulleysystemto
whichdeadweightscouldbe applied.Theamountof shaftrisewas
measuredby a Federalexternalcomparator,graduatedinO.0001-inch
divisionsandreadableto aboutone-tenthofa division,or0.00001inch.
Aftereachincrementofdead-weightloadwasapplied,sufficienttime
wasallowedfortheshafttomoveto itsnewequilibriumposition,and
theFederalgagewasread.

A plotoftheliftingforceappliedtothespindleagainstthe
upwarddistancemovedby thespindleisshowninfigure21. Theflat .
portionofthecurveoccurredwhentheappliedforcewasabout110pounds,
orapproximatelyequsltothecalculatedweightofthespindle.

Inorderto distinguishbetweenelasticdeflectionsandactual
movementofthespindle,theclearancewasfoundby drawingtangentsto
thiscurveat itstwoextremitiesandmeasuringthedistancebetween
thesetwolinesalongthemeanlineof zeroweightonthebearings.The
clearancesofoundwas0.00361inch.

Thedismetralclesranceasdeterminedfromspindleandbearing
measurementswas0.00420inch(seesection“TestandMainBeartigs”).
Thediscrepancywaslaterfoundtobe causedby twothingswhichoccurred
duringthepreliminarytests.A heavysilversulfidFfilmhadformedon
thebesrtigsurfacesasa resultof thesulfurcontentoftheoil,and
tinyburswerediscoveredattheedgesoftheoilgrooves.Theburs
werecausedby psrticlesof gritcarriedby theoilinspiteofthorough
filteringsndcarefulcleaningof thelines.Thesilversulfidefilm
waseasilydissolvedby a strongaqueoussolutionof sodiumcyanide,and
theburswerecarefullyremovedbyhsndscraping.Afterthebearings
werecleanedup,thediametralclearancesalongthelengthsofthe
bearingswereagaindeterminedby directmeasurement.Thevaluesare
listedinthefollowingtable,fromwhichitis seenthatthevariation
isabout4 percentineachbearing,aaa resultofnonuniformityof the
sulfidefilm.

.
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Theprocedureusedinobtaini@figure21wasrepeatedafterthe
machinewasreassembled,andtheclearanceSP foundwas0.00391inch.
Sincethisfigurewaswithin0.00001inchoftheminimumtest-bearing
clearanceobtainedby directmeasurement(seetable),itwasconcluded
thatthemeasurementsweresufficientlyaccurateuntilthebearings
couldbe replaced.

CLEARANCESDETERMINEDBY DIREUT~

Testbearina I Mainbearina

1
1
(
1
1

Dismetral Di&etral
Location clearance Location clearance

(in.) (in.)

Righthalf
Righte~e 0.00406 Right 0.00436
Rightcenter .00394 Center .00435
Center .00395 Left .00439
Leftcenter .00401
Leftedge .00392 Lefthalf

Right .00444
Center .00436
Left .0.0450

I

.

Dial-GageCalibration

Themicrometerprobesareeachmountedona pairof cantilevers.
Thesecantileversareboltedtogetherattheirlowerends.Oneof each
pairof cantileversisveryrigid,whiletheotherisrelatively
flexible.Theprobeis attachedto therigidcantilever.A fine-pitch
screwthroughtheflexiblecantileverbearsontherigidcantilever
througha steelballintheendof-thescrew.Ti&teningofthescrew
causesseparationofthetwocantileversby bendingtheminopposite
directions.Changesinspacingbetweenthemaremeasuredby dialindi-
catorsgraduatedinO.001-inchdivisions.Thus,a largech@e in
spatingbetweenthetwocantileversproducesa smallchangeinposition
oftherigidcantileverandattachedprobe.

Thecantileverswerecalibratedby anelectrolimitexternalcom-
paratorwiththesetupshownin figure22. Itwasfoundby experiment
thatthel/2-ouncepressuredifferentialon themeasuringheadforfull-
scaledeflectionofthegagemeterhadnomeasurableeffecton cantilever

. deflections.Probemovementcouldbe readto0.00001inchoverany

.. ..— —.—. ._. .-. — —— .—e —-.—. ..—
.— -- - . . . . . _. -.._,. .



—.

32 NACATN 2544

.

distance.Eachprobewascalibratedthreetimes,withexcellentduplica-
tion.Calibrationcurvesareshowninfigure23. Theslopevariation .
inthecalibrationcurvesathighcantileverdeflectionsisnotdesir-
ablebut,sinceitprovedhighXyreproducible,

MicrometerCalibration

Theelectricalciruitwasthencalibrated

wastolerated. .

againstdial-gage
readtigswiththetypeof resultshowninfigure-24.Thisc~~bration
appearstobe adequatelylinearthroughoutitsrange.

Themagnificationofbothprobeswasadjustedtobe thessmeso
thatspotmovementontheoscilloscopewouldcorrectlyrepresentspindle-
centermovements.

.

●

“
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APPENDIXB

TESTING-MACHINECHANGES

Pivoted-PadMainBesring

Inthetestingmachine,theprecisionspindleissupportedatone
endby themainbesrtigandattheother,by thetestbearing.Between
thesetwobearings,andas closeaspossibleto thetestbearing,are
theprobesoftheradio-frequencymicrometer.Originally,themqin
bearingwasa sleeve-typebearingalmostidenticalwiththetestbearing.
Duringthecourseoftesting,however,thereappearedstrongindications
thatthemotionsaf thejournalinthetestbearingwerebeingaltered
by thesuperimposedmotionsresultingfromhydrodynamicactioninthe
mainbearing.Theselattermotionsrenderedpreciseinterpretationof
themicrometeroscillogramsimpossibleandledto thesubstitutionof
a stiffpivoted-padbearingforthelarge-clearancemainbearing.

Thepivoted-padbearingdesignwasbasedonthetheorydeveloped
byMuskat,Morgan,andMeres(reference12)forplaneslidersoffinite
width. Theerrorintroducedby applyingthistheoryto curvedsliders
*S foundtobe relativelysmall.Thefinaldesignconsistedoffour
steelpivotedpads,each1: inchesinwidthby 2* inchesarclength,

facedwithbabbitt,andprecision-boredfor0.002-inchdiameteralclear-
anceontheshaft.

Thefourpadsshowninfigure25werefabricatedfroma single
hollowcylinder,babbittedinternally,andrough-boredbeforeseparating.
Theywerethenassembledinthehousingwithtensionsof& poundsin
eachadjustingspring.Theadjustingscrews,whosesolefunctionwasto
holdthepadsrigidlyinpositionduringbor~g,weretightenedjust
enoughtomakethefourpadsconcentric.Thepivotrodshadbeenpre-
viouslylappedintheirgrooves.Allopeningsbetween,padsandhousing
weresealedoffwithmaskingtapetokeepcuttingchipsout,andthe
padswereprecision-boredby thetechniquedescribedin appendixA and
illustratedinfigure19.

Thefinalboreandclearanceareshownh thefollowingtable.
ApproximatelyO.020tichofbabbittren@nedonthepadsafterboring.
me boreshoweda msximumtaperof0.00005inchandnomeasurableout-
of-roundness.

.

,.
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MEMUREDBEARINGDIMENSIONS
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Shaftdiameters(measuredatsametimeandlocationasbesringbore
measurements):

Main-bearingend,inches. . . . . . . . . . . . . . . . . 4.00102
Test-%earingend,inches. . . . . . . . . . . . . . . . . 4.00100

Finalborediameter:

Mainbearing,inches. . . . . . . . . . . . . . . . . . .k.~275
Testbearing,inches. . . . . . . . . . . . . . . As shownbelow

Averagedismetralclearance:

Mainbearing,inch..... . . . . . . . . . . . . . . .0.00173
‘?estbearing,inch. . . . . . . . . . . . . . . . . . . . .00380

Proofoftheeffestivenessofthisbesringinminimizingtheeffect
ofmain-besringmotionsonmicrometerreadingsatthetestbearingis
presentedinfigure26. Thisshowsno-loadstsrtingtransientsunder
similartestconditionsbeforeandafterreplacementofthemainbearing.
Thereductionofwhirlingmotionaccompanyingtheremovalofmain-
besringinfluencesisstriking.

Furtherevidenceofthesuccessofthepivoted-padbearingliesin
thefactthatsustainedwhirlingofthejournalcouldnotbe produced
inthetestbearingafterthepivoted-padmainbearingwasinstalled,
whereas,withtheoldmainbearing,continuousorbitalmotioncouldbe
obtainedundercertainconditions.

By placingsensitivedialindicatorsintheshaftcloseto the
twobearingsandnotingtheirrangeoftravelwhenthemachinewas
running,itwaspossibleto ascertaintheextentofwhirlinginthe

.

.
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pivoted-padbesring.Thisprocedureshowedthatthisbearingwasprac-
ticallywhirl-pzwofandthattheamplitudeofwhirlatanysection
a!longthespindlelengthwasdirectlyproportionalto thedistancefrom
theaxialmidpointofthepivoted-padmainhearing.Thislatterobserva-
tionwasappliedincorrectingthemicrometermagnificationforthe
distanceoftheprobecenterlinefromtheaxialmidpointofthetest
besring.

Attentionwasgivento thepossibilitythatthepivoted-padbearing
wassostiffthatitlimitedthewhirlingmotioninthetestbearing.
Evidenceto thecontrarywasobtainedfromthefactthata lsrgechange
intheviscosityofthelubricantinthe-pivoted-padbearinghadno
influenceonthemsximumindicatedeccentricitiesinthetestbearing,
asdiscussedinthesection“Shafirotating.” Measurementof shaft
stresseswithstraingagesnearthemainbearingshouldyieldfurther
informationalongthisline.

ReplacementofTestBearing ,

Whilethetestingmachinewasdismantledforreplacementofthe
mainbearing,thetestbearingwasalso’replaced.Sincethestiff
pivoted-padmainbearingwouldholdtheshsftcenterlineessentially
fixedatoneend,itwasdecidedtoborethetestbearingtaperedin
ordertokeeptheshaftsurfaceapproxtitelyparallelto thetest
besringalongthelineofnearestapproach.Calculationsshowedthat
thetestbearingshouldbe 0.00042inchlargerindismeterattheend
farthestfromthemainbearing.To accomplishthisandstillutilize
theprecision-boringtechniqueshowninfigure19,a schemesuggested
byMr. A. E. Ryder,ofthePratt&WhitneyAircraftCo.,wasused. In
this,thetoolbitwasheatedandthereforeelongatedduringtheprocess
ofboring.

An sxialholewaEdrilledin a stellitetoolbitanda 2-watt
heatingcoilwascementedinwithInsa-lutecement.Onesideofthe
circuitwasgroundedtothemillingmachine;a Vsriacprovidedheat
control.Calibrationtomaketheefiansionlinearwithtimeandat the
desiredratewasdonewiththeboringbarstationaryandwiththetool
bit,inthebar,undertheelectrolimitgage.

Firsttapercutsinthemillingmachineshowedthevoltagesindi-
catedby staticcalibrationtobe inadequatetoprovidethedesired
taper.Voltageincreaseswerenecessaryduringtheprogressof each
cuttoproducea lineartaper.Withtrial-and-erroradjustmentsduring
eachsuccessivecut,thecorrecttaperwasfinallyachieved.As the
boreapproachedfinishsize,a runningelectrolimit-gagecheckwaskept
ontheshaftto insuxeaccurateclearancemeasurements.Thedimensions

-. . .. —...— .— ---—. —. -- — --——.———— ———— --- ---—-— ., -—---- ----——.—..— —
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ofthefinishedtestbearingareshown
withshaftandpad-bearingtiensions.

mm m 2544

in theprecedingtable,along

Spindle andWring Bar

Theboringbarforprecisionboringofthemainandtestbearings
wascheckedby electrolimit-gagemeas~nts priortothereboring
operationsandfoundtobe straightandroundwithinO.00005-inchextreme
variation.Thiswasconsideredsatisfactoryforthereboringwork,which
wascarriedoutasUs cussedpreviously.

Itwillbe notedfromthetable“SpindleDimensions”inappendixA
thatthespindlehada maximumd@metralvsriationof0.00013inchwhen
itwaafirstputintoservice.Whilethemachinewasdismantledfor
repairs,itwasdecidedto relapthespindleto decretietl@ variation.
Ring-lappingwithkeroseneand6~ alundum,finishinglappingwith
keroseneand1000-gritcarbomndum,andsubsequentpolishlngwith
4/0met~ographicpaperresultedinthedimensionsshowninthefol-
lowingtable.Therewasnomeasurableout-of-roundness,andtheextreme
tismetralvariatiorislongtheentire28-inchlengthwasonly0.00005inch.
Thesemeasurementsweremadewhenthesh@t andallmeasuringequipment
wereat a temperatureof25.4° C.

SPINDLEDIMENSIONS

Distancefromshoulderat
drivenendof spindle Diameter

(in.) (in.)

1/4 4.00101Main-bearingend
1 4.00103
“2 4.00101

4.00100
: 4.00100
8 4.00101
10 4.00102
12 4.00102
14 4.00103
16 4.00103
18 4.00105
20 4.00104
22 4.00103
24 4.00100
g“” 4.00100
27 4.00101
27% 4.00100-Test-bearingend

—- _ ——-.. _—. .— .——. — .— — —- —— -. —— ---
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ClearanceDetermination

Afterreplacementofthemainandtestbearings,theclearances
determinedby directshaftandboremeasurementswerecheckedby lifting
theshafth thebearingsbymeansof a systemof cables,pulleys,and
deadweights.Theamunt ofshaftrisewasmeasuredby dialgages,
graduatedinO.0001-inchdivisionsandreadableto an accuracyof about
one-fourthof a division.Sincethemeasurementsofshafl.risecould
notbemadeinsidethebearings,itwasnecessarytoplacethedial

,

indicatorsas closeaspossibletothebearingssndtocalculatethe
riseatthecenterlineofeachbearingfromthegeometryofthesystem.
Suchcalculationsshoweda discrepancyof about20percentbetweenaver-
ageclearancesobtainedinthismannerandthoselistedinthetable
“Measured13earingDimensions.” Onthetheorythattheerrorwascaused
bybursfrommachininginthebearings,themeasurementswererepeated
aftera brief“running-in”period.Thisttietheagreementwaswithin
5 percent.Itwasconcludedthat”themeasuredclearancesgiveninthe
tablewereqtiteaccurate,sinceextremecarehadbeentakenintheir
determination.

Ithadbeenhopedto check’theactualeffectiveclearanceinthe ‘
testbearingby electricalmicrometermeasurementswhilethebearing
wassubjectedto a cyclicloadappliedatone-halfthefrequencyof
spindlerotation.Theoretically,nohydrodynamicoilfilmcanexist
undersuchconditions,andthespindlecentershouldtracetheclearance
circle.Actually,ashasbeendiscussedinthisreport,anoilfilm
wasfoundto exist,indicatedby spindle-centerorbitsof smallerdiameter
thantheclearancecircle.

Themethodoflocatingtheclearancecircleon theoscilloscope
screenby applyi~a slowlyrotatingloadtotheshaftisdiscussedin
appendixE. Knowingthemicrometermagnification,itispossibleby
thismethodtodetermineaccuratelythesizeandshapeoftheclearance
circle.

MicrometerProbeCantilevers

As canbe seenfromfigure23,thecalibrationcurvesof thetwo
probecantileversexhibitedmarkeddeparturesfromlinearityinthe
high-deflectionregion.Aftera sectionbetweentheboltsattheclamped
endsofthecantilevershadbeenrelievedinordertoprovidemoreposi-
tiveclsmping,thecalibrationcurves,oneofwhich
ure”27,becamemuchmorelinear.Thislinearityis
andstabilityofcalibration.,

isshowninfig;
desirableforaccuracy

. . . ------- -. —.—.-....-— — -.. —
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Radio-FrequencyMicrometer

NACATN 25~

Whilethechangeswerebeingmadeinthetestingmachine,the
radio-frequencymicrometerwascheckedby plottingcurvesofoutput
voltageagainstinputfrequency.Thesecurveswerenonsy.mnetrical.and
nonlinear.Furthermore,theunitwasnotsostable’asdesirable.

Theltiitingactionofthe6AB7l~ter stagewasfoundtobe
insufficient.A doublelimiter,using6SJ7tubes,wasconstructed;
Thisfeaturemadethecurvesof frequencyagainstvoltageoutputquite
linear,buttheoutputvoltageswingwaslow. Similarresultswere
obtainedwitha properlyadjustedsinglelimiter,precededby a high-
gainsmplifierstage.Inthefinalcircuit,a single6SJ7limiterstage
wasprecededby a 6SJ7amplifierstage.Theplatesupplyvoltagefor
thelimiterstagehadtobe adjustedverycriticallyto obtainproper
limitingaction.Toobtaingreateroscilloscopedeflectionswiththe
low-outputvoltageswingavailable, a stable,balanceddirect-current
amplifier,usingtwo6SJ7tubes,wasbuilt.Thecompletereceiver
circuit,aftermodification,isshowninfigure28.

‘ Althoughthisreceiverwasmorestableandprovidedmorelinesr
responsethananyoftheothercircuitstried,therewasstill.some
thermaldriftandnonlinearitypresent,asevidencedby thetypical
micrometercalibrationcurvesof figure~. Iftheprecisesizeand
shapeofanexperimentallydeterminedorbitwasdesired,itwasneces-
saryto correcttheoscillogramby a point-by-pointprocess,asdis-
cussedinappendixE.
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APPENDIXC

SPEEDOFWHIRLING

“39

Thespeedofwhirlingwasmeasuredby connectingoneoftheplates
oftheoscilloscopeto an audio-frequencyoscillatorwhichhadbeen
carefullycalibratedandtuningtheoscillatorto obtaina Lissajous
figure,fromwhichthefrequencyofwhirlingcouldbe established.At
frequenciestoolowtoobtaina Lissajousfigurewhichwasstable,the
frequencyofwhirlingwasestablishedby directcountingoftherateof
spotrotation.Fromdataobtainedinthismanner,itwasapparentthat
thespeedofwhirlingwasveryclosetohalftheshaftspeed.However,
thereweresmalldifferenceswhichmighthaveresultedfromexperimental
errorwiththistypeofmeasurement,sotodeterminewhethertheone-
halfratiowasexactaspredictedtheoreticallyoronlyapproximate,as
thesedatawouldindicate,anothertechniquewasadopted.

Inthismethod,separateandaccuratemeasurementsoftheshaft
andthewhirlingvelocitieswerenotrequired,forthetechniquecon-
sistedofmeasuringonlythedeparturesfroma precise,l:2ratio.The
techniqueconsistedofattachi~a narrowpieceofadhesivetapeaxially
ontheshaftat a pointwhereitpassedundertheareaofmeasurement
oftheprobes.Becauseofthedifferentdielectricconstantofthetape
comparedwithair,therewasa distinctkickontheoscilloscopescreen
eachttiethetapepassedundera probe.Sincethespindlerotated
approximatelytwiceforeachorbftalrevolution,anda kickwasregistered
foreachofthetwoprobes,thepatternontheoscilloscopescreencon-
sistedof a circlewithfourdistinctkicks.

Ifthespeedoftheorbitalrotationwaspreciselyhalfthespeed
ofshaftrotation,thispatternwouldnotrotateat all. Anydeparture
fromthisprecise1:2ratiowasindicatedby slowrotationofthepattern
andcouldbe observedvisually.Theresultsobtainedby thismethodare
presentedinthefollowingtable. “

.

.-. . -—--- —-—. -—-. — . . . . .-.— - —-— ——. -—- - —- - .-—-— —— ---—-— —--- --
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NO-LOADSPINDLE-CENTERROTATION
.

Spindlespeed,
Yj

(rpm)

Oilpressures Meanspeedof
spindlecenter~tio

Leftgroove in its orbit, ‘e/Nj
(lb/sqh= gage)(l~~ti?~ge)

(n&) I
826
826
826

770
770
770

494

350

252
252
252

SAE10oil-at110°F

off
off
off

off
off
off

off

off

off
off
off

90
80
40

80
61
50

80

88

78
70

407.8
407.8
407.8

380.4
380.4
380.4

244.7

173.6

125.4
125.4
125.4

0.494
.494
.494

.494

.494

.494

.496

.496

.498

.4g8

.498

Strawparaffinoilat83°F

776 37 off ;$.; 0.496
498 off .496
350 :; off 173:5 .496
316 38 off 156.7 .496

Fromthi’stable,itmaybe seenthat,at a givenshaftspeed,the
ratioofwhirlingfrequencyto shaftspeedwasindependentofpressure
intheoilgroovesandthatthisratiodifferedfmm a precise1:2by
a smallamount.ThetestswithSAE10oilindicatedthatthe1:2ratio
wasamu’oachedastheshaftspeeddecreased.However,theYesultswith--
strawparaffinoilshowedno suchvariationbutindicatedtheratiowas
independentofshaftspeed.

he possibilitythatthedeparture’fromtheexact1:2ratioof
orbitalsTeedto shaftspeedwaEtheresultofsmallcentrifugalloads

.

onthetestbearingwasexamined.Swift(reference3)poiritsoutthat
.

_.— —...———-..-.———--- .- .. —...—.
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theratiodropsfrom0.500at zeroeccentricityto 0.496foran eccen-
tricityratioof0.10.Applyingthesefiguresto thedataofthetable,
itwasfoundthattheunbalanceneededtoproduceaneccentricityratio
of 0.10wasfargreaterthananyreasonableunbalanceinthetesting
machine.

.

. . - --- - .——-—-- —————---— — —- —.——— -———
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APPENDIXD

OIL-PRESSUREANDCENTRIFUGALFORCES

MagnitudesofForces

Asmentionedinthesection“Factorsinfluencingshaftwhirl,”
axiallubricantflowfromcircumferentialgroovesina sleevebesring
producesBernoulliforceswhichtendto decreasetheeccentricity.By
integratingthecomponentsofpressureoverthesurfaceof an eccentric
besring,thenetcentralizingforceisfoundtobe verynearly:

rpc4(Ap)2flq(4+ 3T12)
‘P =

256@w
*

Thecentrifugalforceonan eccentricallyrotatingshaft,actinginthe
opposite

.

If
no-load

directionto increasetheeccentricity,is: -
—

Fc = Me(2fiNe)2
\

ApplicationtoTestBearing

curvesoffigure30wereobtainedby insertingthefollowing
constantsofthetest-bearingintotheaboveequtions:

r =5.08 cm

P = O.&6grsm/cc(EWE10oilat80°F)

c = 0.00508cm

“ v= 50 x 10-5

M = 1.7 slugs

gramsec/cm2

dampingandinertiaforcesareignored,thedismeterofthe ~
orbitdescribedby theshaftcentercouldbe determinedfrom .

—.—— . . ———... . ——z —— -.—- -.—.- —--- — -.- . ... .
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figure30. Forexample,fora feedpressureof 80poundspersquare
inchgageanda spindlespeedof1200rpm,figure30 showsthatthe

. decentralizingcentrifugalforceisexactlybalancedby thecentralizing
pressureforceatan eccentricityratioof0.50,andno-loadwhirling

I shouldoccuratthiseccentricityratio.However,it isapparentthat
thedampingforceswouldnothavetobe verylargetoupsetthisbalance
completely,sincethebalancingforcesareonlyabout1/2poundinthis
particularcase.

ApplicationtoGas-Turbine-CompressorBearings

Forillustrativepurposes,a gas-turbine-compressorrotor,sup-
portedintwosleevebearingshavingthefollowingconstants,hasbeen
assumed:

Weightofrotor- 12$!3lb (644lbperbearing)

Journaldiameter- 3 in.

Rotativespeed- 15,000rpfi

Radial-bearingclearance- 0.0015in.

Ass~g thatwhirling-occursatone-halftherotorspeed,the
centrifugalforce,foran eccentricityratioof1, isfoundtobe about
l@O poundsperbearing.Ifthemetal-to-metalfrictioncoefficientis -
0.1andtherubbingvelocityis11,250feetperminute,theheatgenerated
inbothbearings’wouldbe about@10 Btuperminuteor approximately
100horsepower.Thereislittledoubtthatthebearingswouldfailh
a shorttimeundertheseconditions.

Inanactualgasturbine,theseverityoftheconditionswouldbe
relievedsomewhatby thestabilizinginfluencesof inertia,damping,
oil-pressureforces,andetie~nalloading,whichhavenotbeencon-
sideredhere.However,centrifugalforceshavestillbeenfoundsuffi-
cientto causetroublesomewhirlinginsteam-turbinesleevebesrings.

.,

. . .

.
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APPENDIXE

ECCENTRICITYMF&ummws

Thenonlinearityofthemicrometercalibrationhasnecessitated
thefollowingsomewhatinvolvedprocedurefortheaccuratedetermination
ofeccentricityratios. ,

First,theindicatedclearancecircleislocatedontheoscillo-
scopescreenhy eitherphotographingorplottingtheobsenedspotmove-
mentdurtigonecycleofapplicationof a rotatingloadtotheshaft,
whiletheshaftitselfi$notrotating.Thisoperationmustbe done
veryslowlyto insurethatno oilfilmwillbuildupbetweentheshaft
andthetestbearing.Theclosedpathso obtaimedisthenreplottedon
a linearrectangularcoordinatesystemby applyingmicrometercalibra-
tioncorrectionsfromcurves,similar to figure29, to atleast1.2points
aroundtheorbit..Theresultingfigureisthemagnifiedtrueclearance
circle.Ina similarmanner,anyexperimentalspindle-centerlocation
ororbitmaybe correctedto itstrue~sitioninsidetheclearance
circle.Theratiooftheeccentricityof anypointonthecorrected
spindle-centerpathtothecorrespondingradiusoftheclearancecircle
istheeccentricityratioofthatpint. Theactuslminimumoil-film
thicknessatthatshaft-centerlocationismerelytheradisldistance
scaledbetweenthepointandtheclearancecircle.

Undercertainloadingconditions,ithasbeenfoundthattheshaft
centerfollowsa circularorbitconcentricwiththeclearancecircle.
Inthiscase,theorbitontheoscilloscopescreenwillhavethesame
generalshapeastheindicatedclear~cecircle,thoughneitherwilJ.
appearperfectlycircularbecauseofthenonlinearcalibration.When
thishappens,a closeapproximationtotheeccentricityratiocan
quicklybeobtainedinthefollowingmanner.Thephotographicnegative
oftheoscillogamoftheorbitisplacedina projectorandtheimage
isprojectedon a screenuponwhichtheindicatedclearancecirclehas
beendrawnto scale.Thedistanceoftheprojectorfromthescreenis
thenadjusteduntiltheimageoftheorbitcoincidesexactlywiththe
drawingoftheindicatedclearancecircleonthescreen.Theratioof
themagnificationoftheindicatedclearancecircletothemagnification
ofthesuperimposedorbitonthescreenthengivestheeccentricityratio
directly.

Itmaybe seenfromfigure29thatthemicrometercalibrationwas
sufficientlylinearthatdirectmeasurementsof eccentricity,basedon
anaveragemicrometermagnification,wereaccurateenoughforcompara-
tivestudiesandforindicatingtrends.However,whenmoreprecise

. —. —. —.______— .. . .—___ — . .——.—— ___ . .. .- . ..
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eccentricitymeasurementsweredesired,thefirstmethoddiscussedwas
used. Takingintoaccounttheaccuracyw-ithwhichlinearmeasurements
couldbemadefromthephotographs,thereportedvsluesof v are
subjectto errorsofabout~0.01.

,

.-

,-

.— .——. . .
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Figure I.- Machine fortestingh@qodynticallylubricatedsleevebear-s
undervariousloadingconditiom.
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Figure3.. Effect of feed pressurepnshaft position. x690.,., , .,
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-. —.-. .. ....—. —- .-. —. —--— --—-—-— — —.— —--_ —-— ——- --—. ———.—— . ...-



52

.

?

(a) (b)

FEED PRESSURE-20 I?S.I.G. FEEDPRESSURE-3I?S.I.G.
SPEED-1050R.t?M. SPEED-1050 R.I?M.
EXPOSURE TIME -I.6 SEC. EXPOSURE TIME -2.4 SEC. “

SHAFT AT

-i/-
L

/e%...*,+,.,;l-? ‘% CLEARAN
N. . ..* - CIRCLEb-.> +!,,

.
i

T,

-1+w
RbSl -. s

GE

(c)
FEED PRESSURE- 3 PS.I.G.
SPEED– 312 R.PM.
EXPOSURE TIME -4.4 SEC.
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Figure 11. - Changes in eccentricity after lubricant supply cut-off.
Shsft stationary; 25-pound-per-Bquare-inchload rotating at 97 rpm,
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Figure19.- I&ecision-boringarrangementfortestandmainbearings.
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